In this paper, the effect of the post-annealing on the dielectric properties of SrTiO3 thin films (200 nm) grown by ion beam sputtering has been investigated. The measured dielectric constant dramatically increased after the post-annealing which is a consequence of the formation of the perovskite phase. A low frequency relaxation mechanism is clearly identified in the amorphous state of this material. Once crystallized, a second relaxation mechanism of lower amplitude is detected at high frequencies and for high measuring temperature. It is assumed that this second relaxation process is related to the space charges bound at the grain boundaries, whereas the first one was assigned to the thermally activated motions of the ionized oxygen vacancies and interfacial polarization under alternating field.
Introduction
The high permittivity of strontium titanate (SrTiO 3 ) thin layers makes these materials attractive as integrated capacitors for microelectronics. However, ferroelectrics with a high permittivity can only be obtained for the crystalline phase which usually requires high annealing temperatures (> 600
• C). Such layers can be grown on various substrates by several deposition techniques such as: pulse laser deposition (PLD) [1] [2] [3] [4] , metal-organic chemical vapor deposition (MOCVD) [5] , radio-frequency magnetron sputtering [6] [7] [8] [9] and ion beam sputtering (IBS) [10, 11] . Most of these processes are generally performed and prepared at deposit temperatures higher than 400
• C in order to obtain high-quality crystalline layers necessary to achieve high dielectric constants greater than 100. However, for some applications it is interesting to obtain these layers at processing temperatures lower than 400
• C (e.g. concept of above integrated circuit). In the present research, SrTiO 3 films were deposited using the IBS method, which is a relatively low temperature technique. In this case, a post-annealing is necessary to obtain a high permittivity. Compared with radiofrequency magnetron sputtering method, the IBS method is considered to be more advantageous in term of the flexibility of the deposition condition and of reduced plasma damage of the film. In this work, we studied the effect of annealing on the dielectric constant ε and dielectric loss (tan δ) of SrTiO 3 thin films within large frequency and temperature ranges. This study deals with the dielectric * corresponding author; e-mail: ouadjihayet@yahoo.fr behavior of the amorphous and/or crystalline phase, as revealed by a real change of the dielectric constant. Furthermore, it is pointed out that a better understanding of the loss mechanisms at low frequencies will contribute to improvement of the dielectric properties. A detailed analysis of the dielectric relaxation phenomena is then presented.
Experimental details
SrTiO 3 (STO) thin films with a typical thickness of 200 nm were deposited at room temperature by IBS on Pt/TiO 2 /SiO 2 /Si substrates. Details on the thin films grown process are reported elsewhere [10] . After deposition, the films were submitted to an annealing treatment at different temperatures, ranging from 250 to 550
• C, for 30 min in a conventional furnace in ambient air. To perform the electrical measurements, circular top platinum electrodes with 110 µm in diameter were patterned by photolithography and lift-off process. The dielectric properties (dielectric constant ε , dissipation factor tan δ) of STO thin films were measured in terms of frequency (0.01 Hz-1 MHz) and measuring temperature (T meas ) (30
, using an ALPHA high resolution dielectric analyzer (Novocontrol BDS20).
Results and discussion

Impact of annealing on the dielectric constant
The effect of post-deposition annealing temperatures on the structural properties of STO films was studied previously [12] . It was shown that as-deposited films were amorphous (no STO peaks observed) and the crystallization starts to occur at a temperature around 321
low temperature crystallization is crucial for above integrated circuits and justifies the choice of STO material for this type of application [13] . Figure 1 show the variation of the dielectric constant with the annealing temperature for frequency equal to 1 MHz and a measurement temperature to 200
• C. First, the strong increase in ε , as observed when T a increases from 300
• C is assigned to the amorphous to crystalline transition. This result is consistent with the X-ray diffraction (XRD) analysis already reported [12] . The dielectric constant of the STO film annealed at 325
• C exhibits a peak at a value of 160. Also, an annealing treatment carried out at 400
• C leads to a quasi-stable value of the dielectric constant which is roughly 140. A further increase in annealing temperature results in a slight change of the dielectric constant. To date, the dielectric behavior of the STO thin films in the narrow temperature range corresponding to the amorphous-crystalline transition was not reported so far. Several assumptions can be provided to explain the reduction in ε for STO films annealed in the range of T a between 325
• C and 400
• C. According to some reports [14, 15] , a decrease in the dielectric constant of the SrTiO 3 thin films has been observed when the material thickness decreases, due to the interfacial effects. In our case, the thickness is controlled and its possible variation did not lead to a noticeable change in the dielectric constant value. The dielectric constant is also related to the crystallization as well as the crystal grain size [16] . During the crystallization, a large number of crystalline grains are indeed generated which is responsible for changes in the dielectric constant value. This change is consistent with the observations performed by means of atomic force microscopy carried out on STO films annealed at different temperatures [12] .
Furthermore, previously works [17] [18] [19] [20] reported that an extension or compressive stress influenced strongly the permittivity value of SrTiO 3 . A compressive stress in the plan of the layers involves a decrease in ε value [17] . This behavior is rather related to the soft-mode phonon which was the subject of several works dealing with the permittivity value in SrTiO 3 compound [21, 22] . This mode comes from the vibration of Ti and O ions and takes part in the atomic polarizability (i.e. ionic) of SrTiO 3 . A compressive stress hardens the soft-mode phonon which results in a reduced motion of these ions and thus with a permittivity decrease. Intrinsic stress in the material is the principal factor of the decrease in the dielectric constant between 325
• C, since the coexistence of two phases (amorphous and crystalline) cannot be excluded in this temperature range and could induce a compressive stress in the material.
Frequency and temperature dependence
of the dielectric constant in Fig. 2a and polycrystalline films, T a = 550 • C in Fig. 2b) . For frequencies higher than 1 kHz, the dielectric constant depends on both frequency and T a . Moreover, in this figure (Fig. 2a,b) the effect of annealing temperature on the dielectric constant value is clearly demonstrated and can be discussed as follows: (i) the dielectric constant value varies from 25 to 140 when T a increases from 300
• C to 550
• C. The lower value corresponds to the amorphous state of the film, while the highest one is well associated with the formation of the crystalline phase. (ii) The strong dispersion phenomenon observed at low frequency which may be due to the migration of oxygen vacancies to the interface film/electrode is well reduced for 550
• C as annealed temperature. This implies that the density of defects and interface traps could be much reduced through post-annealing process. Figure 3 shows the frequency response of the dielectric loss (tan δ) for the frequencies range 0.01 Hz-1 MHz at temperatures ranging in 30-200
Impact of annealing on the relaxation processes
• C domain. In the amorphous phase (Fig. 3a) , a relaxation peak (labeled "relaxation 1") is clearly evidenced. In the crystalline phase (Fig. 3b) , two relaxations peaks were detected. When the measuring temperature decreases, the first relaxation peak is shifted toward low frequencies and the peak magnitude decreased slightly. The second peak (labeled "relaxation 2" in Fig. 3b ) presents a weak amplitude and it is detected at high frequency for high measuring temperature. The positions of both relaxation peaks shift apparently toward high frequencies when temperature increases. This phenomenon indicates that these two peaks are associated with a thermally activated relaxation process. On the other hand, Fig. 4a ,b depicts the Arrhenius behavior for samples subjected to different annealing temperatures. The activation energy of first relaxation process is extracted from the Arrhenius plot and it is found to be around 1 eV. This value agrees well with those (0.9-1.2 eV) determined for ionic motion of oxygen vacancies in titanate materials [23, 24] . Relaxation 1 (Fig. 4a ) may be probably explained by the migration of ionic charges from one electrode to the other and blocking of charges at the metal -SrTiO 3 interfaces. The presence of grains slows down this migration inter-electrodes and may explain the shift of this relaxation towards lower frequencies when the material crystallizes. Once crystallized, a second relaxation mechanism of lower amplitude, is identified at high frequency and temperature as compared to first mechanism. For polycrystalline thin films, the grain boundary effects become crucial and are thought to be one of the main mechanism of loss in dielectric materials, along with defects are associated with oxygen vacancies and polar regions [25] . Local polar regions may be induced by defects, grain boundaries. These latter can be responsible for second relaxation mechanism [25] .
Conclusion
The annealing effects on the dielectric properties of the STO films deposited by IBS have been carried out. The polycrystallization of STO film improves some electrical properties such as the increase of the dielectric constant. However, the grain boundary effects become crucial and are thought to be one of the main mechanisms of loss in dielectric materials. Consequently, a second relaxation mechanism is obvious in the plot of dielectric loss (tan δ) versus frequency.
